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Proteasome Regulation of NF-*B Activity 
Background of the Invention 
Field of the Invention 

The present invention relates to a method for reducing the cellular 
content and activity of NF-.B by use of inhibitors of proteasome function or 
ubiquitin conjugation. 

2. Description of Related Art 

The transcription her NF-.B and other members of the rel family of 
protetn complexes play a central role in the relation of a remarkably diverse 
set of genes invoked i„ d,e immune and inflammatory responses (Gril.i „ cl ■ 

reared for the egression of a number of immune response genes] including 
■he g-, hght cham tmmunoglobulin gene, the IL-2 receptor „ chain gene ^ 
T ceU receptor „ chain gene, a„ d dass , „ d „ ^ K ' 

■nvolved in the inflammatory response, such as the TNF-a gen. and , h e =e„ 
*dhes,„n genes. E .„, cclin , ,„„ ^ ^ ^ ^ 

«P'»™ofa large number of cytokine genes such as « 
and W*. Rra „, NF-<tB is essentia, for the expression' of , ^ 
immunodeficiency virus (HIV). 

In the cytosol, there is a soluble proteolytic pathway that requires ATP 
an mvolves covalen, conjugation of the ce„„„ r p r „ tt i„s with ^ sma „ 
po ypepude ubiouitin OW, CHershko „ A . Rtv . ^ „ 
(1992,. R ech s ,.,n.rer<,;.^. R „. Ce; , s , w . 5:I . 30(1987)) 

aTZ 1 " 1 IT - " ™ ty 3 26S P ™°*«< «*« containing 

a 20S degradanve particle called the proteasome (Goldberg Eur J ftw-* 

**** (.«,: oo^erg „ ... . 7:375 j 9 ^,r": s 

mulucomponent system is k „ow„ to cata,„e the sclectiye degradation of 
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and appears to be pan of the 26S proteasome complex which ™„hi w 

proteins conjugated to ubiouiti, This protease refe^ 

- iden.ed in muscle and pIays J.^^ 

dependent pathway. ATP-ubiqu,t,„. 

The compie, toon* bemee „ mu| pnMMOme , 

appears very similar or idcllticaI „, P Ki,som ' ! - «~ 

^e. or 26S phytic ^ iso ,^ U ^e. degrading 
The oompiexes contain the character 20-30 KDa 22 
• -*r of iarger subun*. includi „g Jl k ^ P ~ S " b ""'«- 

kDa. Polypeptides of 40-150 

A 40 kDa polypeptide regulator of the proteasome which ■ k 
proteasome's proteolytic activities has been Juri^Tl ^ ^ 

shown to be an ATP bindi™ • reuculocytes and 

□e an ATP-bmdmg protein whose release ann^rc , 

P—3*.- The iso,ate d reguiator exis* a, a 250 >Ta " 

labile (at 42-C) 1, „„ k ..... n>ult,mer and is quite 

. L) - " an »= sabtlized by the addition of A TP 
nonhydrolyzable ATP analog, although the purified regulator d " ' 

ATP to inhibit p„ e fu „ ction a „ d J s AT ^~- ° 0< 
as been shown „ correspond „ ,„ ^ = £ 
Proteose convex. The reg„,„„ r appea „ , de „ lica , £ 1500 »• 

on*™. These findings suggest that the reguUtor piavs . T " 
dependent mechanism of the 26s ° ™" » - ATP- 

There is also a system in the cytosol that 
rron, exogenous* synthesis eeliuj and Z ZZT^ 
~™S S (1988); Morrison „„.. , Mtd , ^^P °f 
« a/., Nature 354:529-531 (1991V « ni . ' , } ' ° W,S 

T„ , }> P " " a/ ' ^57:323-324 H99I v 

Townsend « Q /„ Cell 42:457-467 (1985V To . >! 

577 nossv v. } ' Townsend « Ato,« J2*575- 

577 (1986). Monaco * Proc _ Na[[ ^ 

(1^82); Monaco. ImmUn . To day /J:173 . 179 "S™*** 

Immun. 52:1-123 (1992V T „ eWde " * C '' 

i^j (1992), Townsend .?/ fl / / &„ w , 

-- --eWdenoe suggests a ro,e ;or p :::r p ::L 2 "C 
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(1989,, TanaJca . New BM . < :M1 (1992)) ^ ^ 

of ,h,o, (or cysrcne, and ^ne pr0Kases ,„ J. 
«»« of pro.easome ac.ivi.ies ha „ ten isolaKd ^ •«» 

« ^. AM. ^ tt ^. S * 7588 . 7592 

50:9709-97,5 (,99.,, and p unfle d CF . 2 (fJ £ ; 

C992,). ,„ addi,io„ ,„ m , bMc inhibi , ors ; ^ 
•solaad from ac.ino,n,ee tt s (Aoyagi « ««« art BMo.ica, CnJ, 
COM Sprir* Harbor Ubora,ory Press, pp. 429-454 a975» 7 

r * -*m- ^ _ synihesi2ed . such iTuzr : 

ehyn.o.rypsin-.iice protases described by Siman a WO 9I/139 " ■ 

As .Hushed by a. above ciKd ^ * 

*=a« for u,e u^. f or a 8 iven p ro[ ease. Compound „" ^ 

■•bran* can b e keened for inhibitors usir* pep.id.se assays. Ai.erna.ive7 
P^dc and pepud„ mimedc „, o|Mu|es ^ ^ ^ ™ - 

*<= subsrra.es of .he profcase. For cx „ mpk *=° f 
~d conainin, a reacive 8roup „ k e,y „ ^ ^ * ~ * 

of »e pro,ea s , (see. ,. 8 .. Sima „ WQ ~«- 

^T****^- »~ « « E-ier. pp. 55-,52 0W>) ^ e 

•nh.b.u.rs can be sub,. a„a,„ s s of ca,a,y„ c Iransitio „ staMS ' > ' ™ e 

lr , r "~ (0 "° WSki - ' 
(1990,, see also Kennedy and Schute, SfocWrry / M 49 (,979), 

Various naurra, and chemical protease inh.b.rors report in 

ir„r ° r "T" sirauar w , — ^ » ! 

d.k«.one or an a too es K r, pep,ide chloromethyl kewnes im , 
P.- ^y, flu or,des. pep lid y, borona.es. pjj^^ 
. (An.eias.ro * -a _. JJ; , ,., 3 ^ fl ^ 
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the several peptide a -keto ester inhibitors tested, 2 - Leu - Le u - Phe - COOEt 
was the most potent inhibitor of the chymotrypsin-like activity with a ATj of 53 
»M._ Many such compounds exist! 

- Other tripeptides that have been described in the literature include Ac- 
Leu-Leu-Leu-H, Ac-Leu-Leu-Met-OR, Ac-Leu-Leu-Nle-OR, Ac-Leu-Leu-Leu 
OR, Ac-Leu-Leu-Arg-H, Z-Leu-Leu-Leu-H. Z-Arg-Leu-Phe-H, and Z-Arg- 
Iie-Phe-H. where OR, along with the carbonyl of the preceding amino acid 
residue, represents an ester group. 

Goldberg, in U.S. Patent Application Serial No. 07/699.184, filed May 
13, 1991, discloses that the ATP-ubiquitin-dependent process has been shown 
to be responsible for the excessive protein degradation that occurs in 
cond.t.ons or disease states in which there is severe loss of body mass and 
negative nitrogen balance. A method of inhibiting the accelerated or enhanced 

proteolysis, a method of identifying inhibitors of the process, multipain and 

proteasome inhibitors are also disclosed. 

Goldberg et al., in U.S. Patent Application Serial No. 08/016 066 

filed February 10. 1993, disclose methods and drugs that inhibit the processing 

of aniens for presentation by major histocompatibility complex class I 

mo.ecu.es. Specifical.y. inhibitors of the ATP-ubiquitin-dependent proteolytic 
pathway are described, which can inhibit MHC-I antigen presentation These 
methods and drugs may be useful for the treatment of autoimmune diseases 
and for reducing rejection of organs and graft transplants. See. also. Michalek 
et al., Nature 363:552-554 (1993). 

Tsubuki et at., Biochem. and Biophys. Res. Commun. 196(3)1195 
1201 (1993) reported that a tripeptide aldehyde protease inhibitor 
benzyloxycarbon y I(Z)-Uu-Leu-leucinal, initiates neurite outgrowth in PC12 
cells at an optimal concentration of 30 nM. The following synthetic peptides 
are also mentioned: Z-Leu-Leu-Gly-H. Z-Le U -Le u . AIa _ H , Z-Leu-Leu-Ile H 
Z-Leu-Leu-Val-H, Z-Leu-Leu-Nva-H. Z-Leu-Leu-Phe-H, Z-Leu-Leu-Leu-H ' 
Bz-Leu-Leu-Leu-H. Ac-Leu-Leu-Leu-H, Z-Uu-Leu-Leu.sc. Z-Leu-Leu' 
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More particularly, the present invention is directed to a method for 
reducing the cellular content and activity of NF-*B in an animal comprising 
contacting cells of the animal with a proteasome function or ubiquitin 
conjugation inhibitor of the structure (1): 



O 

P— NH— B1 -X«-B2 -X2 -B3 -J-X3-B4 4-C— R 

R 1 R 2 R3 R4 



(1) 



where 

P is an amino-group-protecting moiety; 

—t^l B '" B '' B< independent 'y se,ected fr °™ the group consisting 
of | and ~ < j H — ; X 1 . X 1 , and X 3 are independently selected from the 

group consisting of n~ NH — C^— NH — — ch-ch. 

° ' OH 




l 

OH 



H— CHj — NH 

, and — CH=ch — • 
w > 



R is a hydrogen, alkyl, acyl, or carboxyl; 

R\ R\ R 3 . and R'are independently selected from the group consisting 
of hydrogen, alkyl. cycloalkyl, alkenyl. alkynyl. aryl. and -CH 2 -R>, 
where R J is aryl, aralkyl. alkaryl, cycloalkyl or — Y— R«, 
where Y is a chalcogen, and R« is alkyl; and 

A is 0 or 1. 

The "animals" referred to herein are preferably mammals. Both terms 
are intended to include humans. 

Brief Description of the Drawings 



Figure 1 shows that proteolytic processing of the P 60Tth precursor to P 50 in 
vitro requires ATP. 
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could have important application in various areas of medicine, e.g., 
inflammation, sepsis, AIDS, and the like. 

More specifically, the activity of NF-*B is highly regulated (Grilli et 
al. International Review of Cytology 143: 1-62 (1993); Beg etal.. Genes and 
Development 7:1Q6*-2™ (1993)). NF-*B comprises two subunits, p50 and 
an additional member of the rel gene family, e.g., p65 (also known as Rel A). 
In most cells, the p50 and p65 are present in an inactive precursor form in the 
cytoplasm, bound to I*B. In addition, the p50 subunit of NF-«B is generated 
by the proteolytic processing of a 105 kD precursor protein NF-*B, (pl05), 
and this processing is also regulated. The sequence of the N-termina! 50 kD 
portion of p 105 is similar to that of p65 and other members of the rel gene 
family (the rel homology domain). By contrast, the C-terminal 55 kD of pl05 
bears a striking resemblance to J*B-a (also known as MAD3). Significantly, 
unprocessed pI05 can associate with p65 and other members of the rel family 
to form a p65/p 105 heterodimer. Processing of pl05 results in the production 
of p50, which can form the transcriptionally active P 50/p65 heterodimer. The 
C-terminal I*B-or-homologous sequence of pl05 is rapidly degraded upon 
processing. 

There is another rel-related protein, NF-kB, (plOO), that is similar to 
pl05 in that it, too. is processed to a DNA binding subunit. p52 (Neri et al., 
Cell 67:1075 (1991); Schmid et al.. Nature 352:733 (1991); Bours et al.. 
Molecular and Cellular Biology 72:685 (1992); Mercuric et al.. DNA Cell 
Biology 77:523 (1992)). Many of the structural and regulatory features of 
plOO are similar to pi05. In addition, the plOO protein can also form a 
heterodimer with p65 and other rel family members. 

In summary, the transcriptional activity of heterodimers consisting of 
P 50 and one of the many rel family proteins, such as p65, can be regulated by 
at least two mechanisms. First, the heterodimers associate with UB-or to form 
an inactive ternary cytoplasmic complex. Second, the rel family members 
associate with pl05 and plOO to form inactive complexes. The ternary 
complex can be activated by the dissociation and destruction of l*B-a, while 
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processing reaction (e.g., ATP/Mg ++ dependency) suggested to the present 
inventors that the ATP-dependem protease complex of the ubiquitin-mediated 
protein degradation pathway was involved (i.e. proteasome; Rechsteiner, 1991 , 
Goldberg, Eur. J. Biochem. 203:9-23 (1992), Hershko er al., Anna. Rev' 
Biochem. 67:761-807 (1992)). However, this structure was only known to 
catalyze the complete degradation of proteins to small acid-soluble peptides 
and was not believed capable of processing precursors to generate active 
proteins, such as p50 NF-«B. 

Using a variety of experimental approaches, the present inventors have 
proven that the proteasome is indeed required for the processing of p!05 to 
P 50. First . it was found that the P 105/p607M. proteins are not processed in 
mammalian cell cytoplasmic extracts depleted of proteasome activity 
However, addition of purified 26S proteasomes to these depleted extracts 
restores the processing activity. Second, specific inhibitors of the proteasome 
block the formation of p50 in mammalian cell extracts and in vivo. Third 
mammalian P 105 is processed to p50 in Saccharomyces cerevisiae in vivo] 
and a mutant in the chymotrypsin-like activity of the proteasome results in a 
significant decrease in pl05 processing. pGOTth is ubiquitinated in vitro and 
this ubiquitination is a pre-requisite for pl05 processing. 

As mentioned above, the C-terminal half of the pl05 (pl05C) is 
rapidly degraded during the formation of p50 and the sequence of P 105C is 
remarkably similar to that of I*B. Because of the similarity in the structures 
and activities of pl05C and IkB-«, the present inventors initiated studies to 
determine whether the proteasome is also involved in the inactivation of UB-a. 
UB-a is rapidly degraded in response to NF-*B inducers and this degradation 
has been shown to be necessary for the activation (Mellits etal.. Nucleic Acids 
Research21(22):S059-SQ66{\993); Henkel etal.. Nature J65:182-185 (1993); 
Beg et al.. Molecular and Cellular Biology 7if<5; : 330 1-33 10 (1993)). The 
present inventors have now shown that UB-a degradation and the activation 
of NF-.B is indeed blocked by inhibitors of proteasome function or ubiquitin 
conjugation. 
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° O) 

7' " a " tyU "toy. ^loxy, tit^y or 

aralkoxy. 

Where R' is alkyl, it is preferably alky, of from 1 to 4 carbon atoms 
e.g., methyl, ethyl, propyl, butyl, or isomers thereof. Additionally where R' 
■s alkaryl, aralkyl. alkoxy. alkaryloxy. or aralkoxy, the alky, moiety thereof 
is also preferably one having from 1 to 4 carbon atoms. 

Where R 7 is aryl, it is preferably aryl of from 6 to 10 carfjon ^ 
e.g.. Phenyl or naphthyl. which may, if desired, be ring substituted' 
Add.t.onal.y. where R 7 is alkaryl, aralkyl, ary.oxy. alkaryloxy. or aralkoxy' 
the ary. moiety thereof is a | so preferably one having f rom 6 to 10 ^ 
atoms. 



It is more preferred^tj^_be_ a lkyl or aralkoxy. most preferably 

methyl or benzyloxy, i.e., 




In structure (1), X represents a peptide bond or an isostere that can be 
used as a peptide bond replacement in the proteasome inhibitors to increase 
unavailability and reduce hydrolytic metabolism. As noted above, X can be 

"o^— ~ CHj _ NH __ -CH-CH,- -C^C„ -CH-C^-KH- 

OH OH OH * OH 

or — ch=ch— . Preferably, X is ~a~ NH 

o 

Introduction of these moieties into the proteasome inhibitors results in 

the following* 




peptide bond 
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As noted above, A in structure (l) ^ be ejther Q Qr 

.4 r , e .,. me „ yl , elhyI propyi j?:^ 

*«of. e*. tsopropy,. , s „b u ,y,. sec . buty|i or 

~V_/ ^"^^IQJ ' and most Preferred that 

both R 1 and R 1 be isobutyl. 

Where R } is alkyl, it is preferably alkyl of from 1 to 4 carbon aiom 
methy,. ethy,, propyI . buty,. or isomers ^ ^ ^ ^ 
substituted or unsubsliruted. y 
Where R» is aryl. i, is preferably ary! of from 6 to 10 a[om 
phenyl or napnthy,. which g ro„s may be substituted or 

4 ca* ' S ' SUb! "'° Kd '" - of from o 

4 carbon atoms substituted wlm.a. ,eas, one ary, ^ of ^ „ 

""I' ~ <~ a cyCoalky, gro „p 

;r tr- which 8roups te «*— - ~—JL 

Where R 3 is substituted aryl it is nr^f^hi u . 
n „ , y ' 1 iS P refe rably substituted with at lea« 

Where R> is cydoalkyl. it is preferably cyeloaiky, of from 3 „ „ 
carbon atoms. e. 8 .. cyCopenty, or =yc,„h„y,. wMch grouDS J" 
substituted or unsubstituted. P y be 

Where R 3 is substituted cycloalkyl it is nrefr«hi u • 
i„„.. , Preferably subst tuted with at 

- « ary, g roup offrom 6 ra ,„ carbon atoms or at .east one alky, 8roup 
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2-Leu — Leu — NaJ— h 
2-Leu — Leu — Gly — h 
2-Leu — Leu — Ala — H 
2-Leu — Leu —Abu — H 
2-Leu — Leu — Nva — h 



(8) 
(9) 
(10) 

01) 
(12) 



o 



Z— Leu — Leu — 



NH— CH— CHO 



(13) 



10 



2-Leu —Leu — Phe— c— 0 

2 — Leu — Leu — Leu H 

2 — Leu — Leu — || e — h 
2— Leu —Leu N H — CH — CHO 




(14) 

(15) 
(16) 

07) 




(18) 



(19) 
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O 

2 — NH — CH — C — Leu — Nva — H 




(26) 



O 

2— NH— CH— C— Leu —Leu — H 




(27) 



2— Leu — Leu — NH— CH— CHO 




OCH3 



(28) 



Z— Leu — Leu — NH — CH — CHO 



O 



>-^-<0> 



(29) 
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The present invention relates to a method for reducing the cellular 
content and activity of NF-«B in an animal comprismg contacting cells of 
the antmal with inhibitors of proteasome function or ubiquitin conjugation 
In the present method, the accelerated proteolysis is inhibited by interfering 
with the ATP-Ub-dependent pathway at one or more possible steps (e g 
by mterfering with activity of the 26S proteasome complex o/by 
interfering with activity of one of its components). 

A particularly useful approach to testing drug candidates for their 
abnity to inhibit the ATP-ubiquitin-dependent degradative process is to do 
so m c ultured cells in which a short-lived protein whose degradation is 
ub^un-dependent is produced. Inhibition of the process leads to 
accumulation of the protein in the cytosol. The extent to which the protein 
accumulates in the cytosol can be determined, using known methods For 
example, a potential inhibitor of the process can be introduced into cultured 
cells producing a short-lived enzyme and the extent to which the enzyme 
* present in the cytosol in the presence of the potential inhibitor can be 
compared with the extent to which it occurs™ its absence. Accumulation 
of the enzyme in the presence of the potential inhibitor is indicative of 
inhibition of the ATP-ubiquitin-dependent processes by the potential 
uOuhnor being tested. Cultured cells, such as COS cel.s, which are stably 
transformed with a gene encoding a short-lived protein whose degradation 
« ub^uitin-dependent (e.g., a short-lived enzyme, such as a mutant 
/3-galactosidase from E. coli, whose half-life is about 15 minutes and whose 
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Data also show that MG 101 is an inhibitor of the 26S ATP 
dependent protease and an inhibitor of the proteasome (macropain mul( i 
catalytic protease) (Table IV). 




The Mbte ^ „ sed ^ ^ ^ _ 
* «* — - or ^ romes . ^ 

No. 4.5!0. 13 0 ; Bada^te « ^ 
*o:59 8 3-59 87 0989); Sta„ bIi „ al „ Brain 

™ ca^er <„. pbysiological ^ ^ ^ 
■nhtbttor ra te give. be dettrmbKl m * 

~ — - » - Panics ^ ^ ^ ^ °° 

of another pathway. «" uuuraior 

Table V summarizes data for the inhibition of th^ 9nc 
by various tripeptide aldehyde inhibitors. Pr ° teaS ° me 
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Table V 

Protease Selectivity of Miscellaneous Tripeptide Aidehyd 



es 



MG 135 



MG 136 



MG 139 



MG 140 



MG 141 



MG 142 



Compound 




Kj (nM) 



290 



1,000 



20 



28 



50 



0.3 
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Table V 

Protease Selectivity of Miscellaneous Tripeptide Aldehyd 



es 



MG 158 



Compound 



X 



HO 



MG 160 



Y 



m ! 




H 



X 



HO 



MG 161 



H 




J*. 




O 

1 



X 



H 



K } (nM) 



51 



64 



MG 165 



MG 166 




0.24 



0.035 
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Example 1 

Preparation of Z-L-leucine-L-leucine-L-norvalinal 

a) Boc-L-norvaline N.O-dimethylhydroxylamide 
l-EthyI-3-C3-dimethyIaminopropyI)carbodiiniide hydrochloride (443 mg) 
in one portion was added to a mixture of N-Boc-L-norvaline 
dicyclohexylamrnonium salt (838 mg), N.O-dimethylhydroxylamine 
hydrochloride (215 mg), l-hydroxybenzotriazole monohydrate (340 mg), and 
N-methylmorpholine (0.28 ml) in dimethyl formamide (DMF, 20 ml) at 0°C. 
The mixture was stirred at 0°C for 2 hours, then at room temperature for 
40 hours. The reaction was quenched with water (80 mL) and the mixture 
was extracted with ethyl acetate (EtOAc, 3 x 100 mL). The combined organic 
layers were washed with aqueous 10% hydrogen chloride (HC1), saturated 
sodium bicarbonate (NaHCO,), and brine, then dried over anhydrous 
magnesium sulfate (MgSOJ, filtered, and evaporated to afford the product 
(546 mg) as an oil. 

b) Z-L-leucine-L-leucine-L-norvaline N.O- 
dimethylhydroxylamide 

A solution of N-Boc-L-norvaline N.O-dimethylhydroxylamide (546 mg) 
and trifluoroacetic acid (8 mL) in methylene chloride (20 mL) was stirred at 
0°C for 3 hours. The solvent was evaporated under reduced pressure and the 
residue was dried under vacuum. To this flask was added Z-L-leucine-L- 
leucine (794 mg), l-hydroxybenzotriazole monohydrate (340 mg). 
N-methylmorpholine (0.28 mL). and DMF (20 mL). l-Ethyl-3-(3- 
dimethylaminopropyOcarbodiimide hydrochloride (442 mg) was then added at 
0-C. The mixture was stirred at 0°C for 2 h. then at room temperature for 
24 h. The reaction was quenched with water (40 mL) and the mixture was 
extracted with EtOAc (3 x 60 mL). The combined organic layers were 
washed with aqueous 10% HCl. saturated NaHCO,. and brine, then dried over 
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b) 2-L-Ieucine-L-leucine-I^leucine N,0-dimethylhydroxylamide 
A solution of N-Boc-L-Ieucine-L-leucine N.O-dimethylhydroxylamide 
(923 mg) and trifluoroacetic acid (10 mL) in methylene chloride (20 mL) was 
stirred at O'C for 3 hours. The solvent was evaporated under reduced 
pressure and the residue was dried under vacuum. A portion of this product 
(488 mg) was transferred to another flask and was combined with 2-L-leucine 
(451 mg), l-hydroxybenzotriazole monohydrate (276 mg). 
N-methylmorpholine (0.22 mL), and DMF (15 mL). l-Ethyl-3-(3- 
dimethylaminopropyl) carbodiimide hydrochloride (357 mg) was then added 
at 0°C. The mixture was stirred at 0«C for 2 h, then at room temperature for 
42 h. The reaction was quenched with water (50 mL) and the mixture was 
extracted with EtOAc (3 x 60 mL). The combined organic layers were 
washed with aqueous 10% HC1. saturated NaHCO,, and brine, then dried over 
anhydrous MgSO,. filtered, and evaporated to afford the product as a white 
solid. This was further purified by silica gel chromatography (hexane/acetone 
80:20, 70:30) to give the title compound (546 mg) as a white solid. 

c) Z-L-leucine-L-Ieucine-L-Ieucinal 

A solution of Z-L-leucine-L-leucine-L-leucine N.O- 
dimethylhydroxylamide (546 mg) was dissolved in 15 mL dry tetrahydrofuran 
(THF) and cooled to 0»C. Lithium aluminum hydride (1 M solution in THF, 
4.1 mL) was added and the mixture was stirred at 0°C for 30 minutes 
Potassium bisulfate (1.39 g) in 30 mL water was added and the mixture was 
extracted with EtOAc (3 x 50 mL). The combined organic layers were 
washed with aqueous 5% HCI. saturated NaHCO,. and brine, then dried over 
anhydrous MgS0 4 , filtered, and evaporated to afford the product (446 mg) as 
a white solid. This was further purified by reverse phase HPLC 
(water/ace toni tri le) . 
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c) ^I-^naphthyO-Alaiiine.l^fl-naphthylJ-Alanine-L-Leucine- 
N,0-dimethylhydroxylamide 

A solution of Boc-L-(l-naphthyI)-alanine-L-leucine N.O- 
dimethylhydroxylamide (459 mg), trifluoroacetic acid (5 mL), and thioanisole 
(2 mL) was stirred at 0°C for 2.5 hours. The solvent was evaporated and the 
residue was dried under vacuum. A portion of this product (182 mg) was 
transferred to another flask and was combined with Z-L-(2-naphthyI)-alanine 
(171 mg),l-hydroxybenzotria 2 olemonohydrate(99 mg), N-methylmorpholine 
(0.08 mL), and DMF (10 mL). l-Ethyl-3-(3-dimethylamino P ropyl) 
carbodiimide hydrochloride (112 mg) was then added at O'C. The mixture 
was stirred at 0°C for 2 h. then at room temperature for 41 hours. The 
reaction was quenched with water (20 mL) and the mixture was extracted with 
EtOAc (3 x 50 mL). The combined organic layers were washed with aqueous 
10% HC1. saturated NaHCO,. and brine, then dried over anhydrous MgS0 4 , 
filtered, and evaporated to afford the product as a white solid. This was then 
purified by silica gel chromatography (hexane/acetone 80:20, 70:30) to give 
the title compound (321 mg). 

d) Z-I^Cl-naphthylJ-Alanine-I^fl-naphthylKAlanine-L-Leucinal 

Z-L-(2-naphthyI)-alanine-L-(l-naphthyl)-alanine-L-leucine N.O- 
dimethylhydroxylamide(321 mg) was dissolved in 15 mL dry tetrahydrofuran 
(THF) and cooled to 0»C. Lithium aluminum hydride (1 M, solution in THF, 
1.7 mL) was added and the mixture was stirred at 0"C for 30 minutes' 
Potassium bisulfate (0.59 g) in 30 mL water was added and the mixture was 
extracted with EtOAc (3 x 40 mL). The combined organic layers were 
washed with aqueous 5 % HC1, saturated NaHCO,. and brine, then dried over 
anhydrous MgS0 4 , filtered, and evaporated to afford the product (274 mg) as 
a white solid. 
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Example 6 



Im m uno dep UUon of * e pnieasome ^ 

MonoclonaJ antibodies against specific components of rh 
(MCP20, 29K) and a control Mr ah • m P onent * of the proteasome 

i„ », , control McAb against hemagglutinin (HA 12Pa^ 

mcubated with Pr(II) extract reconstituted with orL< > ^ 

P-e, r»e i mmune complexes _ *om th e 

-d in P60 proofing actions as described in ^T^\ ^ 
shown in Figure 4. P The results are 

Example 7 

Purified proteasomes stimulate tHe processing ofp60Tth 

Increasing amounts of purified 20/26S proteasomes or a 
ennched fraction from reticle ly sate. f Jtion 77^ 
were combined with Prfin • ded a,one or 

See Figure 5. "Proteasome function (lanes 3-5). 

Example 8 
THe P 60TtH precursor protein is uoiouitinate d . 
this E * a ™ple, and in those described abov, ,u 

proteasome activity fPr ) Th* ■ k- • • • extracts lacking 

uuiivuy t rr;. r he ubi qui ti nation of nfifl u m „ 

^ « of PUrified ub , uitln (ub) js added 

reaction (lane 5). See Figure 6. " * P rocessi ng 
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hour prior to the addition of "S-methionine/cysteine. A typica, 20 minute 
pulse-2 hour chase experiment, immunoprecipitated with anti-pSO Ab followed 
by SDS PAGE, is shown in Figure 9. On.y proteasome-specific inhibitors 
block pl05 processing; non-specific protease inhibitors do not have an effect 
These results were verified in vitro. 

Example 12 

Specific inhibitors of the proteasome block activation of NF-kB 
HeU or MG63 cells were pretreated with inhibitors (50 M M) for one 

^oTdr" then with TNF - a 0000 u/m ° ° r ^ «'«»"^) 

analyzed b T"' ~ *W« 

analyzed by an electrophone mobility shift assay. The NF-.B site from the 

interferon gene was used to examine NF-kB binding activity and the pIRE 

sue from the IRF-1 gene was used to measure gamma-activated factor (OAF) 

a«,v,ty The inhibitors on.y block NF-.B activation and have no effect on 

'nduction. The results are shown in Figure 10. 

Although the foregoing refers to particuiar preferred embodiments it 
w,l. be understood that the present invention is not so limited. ,t will occur 
to those ordinary skilled in the art that various modifications may be made 
to the disclosed embodiments and that such modifications are intended to be 
within the scope of the present invention. 
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3. The method of claim 2 wherein P is 

R7 — C — 

II - ■ 

O 

and R« is alkyl, aryl, alkaryl, aralkyl, alkoxy, aryloxy, alkaryloxy, or 
aralkoxy. 

4. The method of claim 3 wherein X\ X 2 , and X 3 are 

O 



The method of claim 4 wherein A is 0 and B\ B 2 f and B 3 



are 



6. The method of claim 5 wherein R> and R 2 are independently 
selected from the group consisting of alky! and -CH 2 -R 5 , where R* is 
cyclohexyl or naphthyh 

7. The method of claim 6 wherein R 1 and R 2 are isobutyl. 

8. The method of claim 2 wherein the proteasome inhibitor is 
selected from the group consisting of 

Ac — Leu— Leu — Nle — H 
Ac — Leu — Leu -Met -H 
Z— Leu — Leu — Vai — H 
2-Leu — Leu— Nle -H 
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2 — Leu — Leu — NHCHCHO 




2 — Leu — Leu — NH — CH — CHO 



Z — Leu — Leu — NH- — CH — CHO 
CH,— C-CH, 



Z — Leu — Leu — NH — CH — CHO 

CHj-CH^CHj 

2 — Leu Leu — NH — CH — CHO 

OK,— Cs==CH 



O 

2 — NH — CH — C — Leu — Nva— H 
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Ac — Leu — Leu — Leu 
CHj — C— O — C — Leu 



O 

II 



: — H 



— Leu, — Leu — H 



2 — Leu — Leu — NH — CH — CHO 

I 




CI 



Z— Leu — Leu — NH — CH— CHO 

9fc 



Br' I 'Br 
OH 



2 — Leu — Leu — NH — CH — CHO 

9^ 



OH 
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O 

o — c- 



Nle = Norleucine 

Nva — Norvaline 

Nal = Naphthylalanine 



9. The method of claim 2 wherein the proteasome inhibitor is 
selected from the group consisting of 
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